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OpinionGlossary
Amplified fragment length polymorphism (AFLP): : an alternative method of
parentage analysis that uses many loci at low levels of polymorphism to assign
relatedness of individuals. Given that they are dominant markers, they do not
distinguish between heterozygotes and homozygotes.
Climatic region: : we include large-scale geographic areas defined by abiotic
variables, such as average annual temperature variation and precipitation: arid,
Mediterranean, montane, temperate, tropical, and polar.
Cline: : a gradual change in gene frequencies or character states within a
species across a geographic distribution.
Ecozone: : we include here major ecosystem divisions: marine, terrestrial,
freshwater, and marine and freshwater amphibious areas, such as coastal
zones and riverbanks.
Effective population size (: N: e: ): : the number of individuals that would have the same
magnitude of change in allele frequency as the real population [80].
Heterozygosity: : the proportion of a population that is heterozygous for one or
more traits; this can give an indication of the overall genetic diversity in a
population.
Heterozygosity-fitness correlations (HFC): : the relation between within-
individual genetic diversity and genetic variation in characters closely related
to fitness, such as life-history, morphological, or physiological traits. Populations
suffering from inbreeding depression display positive HFCs and vice versa.
Inbreeding coefficient (f): : the probability of individuals sharing alleles by
common descent; increases with the relatedness of mating individuals, such as
full siblings.
Microsatellite: : sections of DNA comprising repeated two to six base-pair
sequences; can be amplified by PCR and used to identify individual genotypes
in a population.
Monandry: : females that mate with only one male per breeding cycle so that all
offspring within a single clutch or litter are full siblings. Here, we use single
paternity as an estimate of monandry and we use the two terms interchangeably.
Multilocus heterozygosity (MLH): : the average heterozygosity over all alleles
used in a microsatellite paternity analysis.
Multiple paternity: : polyandry that results in offspring sired by more than one
male. Often used as an alternative term for polyandry.
Polymerase chain reaction (PCR): : used for replicating selected sections of
DNA to produce a large quantity for analysis.A popular notion in sexual selection is that females are
polyandrous and their offspring are commonly sired by
more than a single male. We now have large-scale
evidence from natural populations to be able to verify this
assumption. Although we concur that polyandry is a
generally common and ubiquitous phenomenon, we
emphasise that it remains variable. In particular, the
persistence of single paternity, both within and between
populations, requires more careful consideration. We also
explore an intriguing relation of polyandry with latitude.
Several recent large-scale analyses of the relations be-
tween key population fitness variables, such as heterozy-
gosity, effective population size (Ne), and inbreeding
coefficients, make it possible to examine the global
effects of polyandry on population fitness for the first time.
Polyandry: past and present
The historical notion of monogamous females, pair-bonded
with the same male for life, has been steadily eroded away
over the past 40 years since the first review of sperm
competition in insects [1–3]. Since then, ever-increasing
numbers of studies have reported multiple paternity in
natural litters, clutches, and broods, leading to the cur-
rently popular notion that females mating with multiple
males, or polyandry (see Glossary), is a common and
ubiquitous phenomenon in nature [4–7]. Theoretical devel-
opments have advanced our understanding of how the
frequency of multiple mating might be explained, given
other constraints on time, such as searching for mates [8],
and identified potential social, ecological, and genetic fac-
tors selecting for polyandry [5,7,9–11]. Empiricists have
responded by providing an equally impressive wealth of
data to demonstrate these processes in action [5,12–14].
Polyandry not only is an undeniable staple of research into
sexual selection, sex roles, and sexual conflict [4,15,16], but
is also now regarded as a potent evolutionary force in
population genetics [17,18], epidemiology [19], and conser-
vation [20–23]. Clearly, we are at the point where the
impact of polyandry is now being understood at multiple
scales beyond the benefits and costs to individual females,
to include the influence at population, landscape, and
species scales. Given all this, it is perhaps surprising that
we still lack a general overview of how frequently polyan-
dry occurs in natural populations [24].0169-5347/
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By far the most effective tool to date for examining poly-
andry in nature is microsatellite parentage analysis
(Box 1). Microsatellites came to prominence after confirm-
ing widespread multiple paternity in bird broods, dispel-
ling the idea that genetically monogamous pair bonds were
common [13,25]. Gradually, as molecular libraries have
been developed and expanded and statistical analyses
improved, the techniques have been applied to an increas-
ing diversity of species. However, although there are some
reviews of multiple paternity in specific taxonomic groups
[26–28], to date there has been no comprehensive review of
the frequency and patterns of naturally occurring polyan-
dry at a global scale. Such an overview can act as aPolyandry: : females that mate with multiple different males within a breeding
cycle. Here, we use multiple paternity as an estimate of polyandry.
Single paternity: : all offspring in a brood being sired by one male.
Single nucleotide polymorphism (SNP): : an alternative method of parentage
analysis that uses many loci of low levels of polymorphism. Although they are
easier to sample per locus than microsatellites, the low levels of polymorphism
make them less viable for statistical analysis of parentage unless coupled with
genomic data.
Box 1. Microsatellites as the standard tool of polyandry
Several properties make microsatellites a significant improvement
over traditional behavioural observations of mating behaviour in
nature. As well as making multiple mating ‘visible’ to the observer,
they translate mating behaviour into direct measures of fertilisation
success, giving researchers an accurate representation of the
frequency of success of polyandry. Methodologically, they are
appealing because they are based on PCR-based assay techniques
and interpreted with statistical methods based on simple rules of
Mendelian inheritance [25]. However, less than ideal sampling can
reduce the accuracy of the technique. Two key assets are sufficient
sampling of adult candidate parents in a population and appropriate
markers with a sufficient degree of polymorphism [25]. Failing this,
an alternative is to sample many loci of lower variability across
offspring, although this requires more extensive statistical testing
[81,82]. We examined the efficacy of this approach in detecting
levels of polyandry by recording the number of microsatellite loci
used in each parentage analysis. We found a significant increase in
the number of microsatellites used per analysis over the 16-year
timespan of our data set (Pearson correlation r = 0.258, P = 0.000,
n = 203), suggesting that there has been a general trend towards
substituting field sampling for laboratory brute force. If this has
served to improve the accuracy of multiple paternity, we would
predict an increase in the number of true parents detected, resulting
in an increase in the overall frequency of polyandry. We found that
this is not the case, as rather than increase the frequency of
polyandry, we found that greater numbers of microsatellites
lowered the overall estimates of multiple paternity (Pearson
correlations r = 0.177, P = 0.01, n = 203). If we hold with the
assumption that more microsatellite loci in a study is equivalent to
increasing the accuracy of the parentage analysis, then our data
suggest that more recent estimates of polyandry are the most
accurate and polyandry has declined over time. However, we found
no significant evidence that polyandry has declined over time,
although the relation does show a negative trend (Pearson
correlation r = 0.043, P = 0.547, n = 203). Therefore, the alternative
interpretation is that there has been no actual evolutionary change
in polyandry and that simply applying a brute force approach in lieu
of appropriate field sampling of candidate parents and high-quality
markers might be a false economy.
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research gaps, highlight patterns among species, confirm
theoretical predictions, and even predict the outcome of
specific evolutionary dynamics [24]. Therefore, we gath-
ered available data from microsatellite paternity analysis
in a wide diversity of species to present the first global
overview of the frequency of polyandry as evidenced by
multiple paternity in natural populations. We also explore
the broad-scale patterns of polyandry in relation to envi-
ronmental heterogeneity, and discuss the consequences for
genetic diversity of populations.
The frequency of polyandry in nature
A common adage in many introductory texts to polyandry
is that monandry is rare. We observed evidence of polyan-
dry in every one of the 14 major taxonomic groups we
investigated, from sea spiders to mammals. Furthermore,
polyandry occurred in 89% of populations, providing the
first demonstration that polyandry is both ubiquitous and
common in nature. However, there are further important
subdivisions afforded by our data set. For example, on
average, polyandrous females accounted for just under
half of the population (Figure 1) and, when we examined
individual taxonomic groups, polyandry ranged from 0% to
100% in eight of 14 taxonomic categories (Figure 1).Clearly, multiple paternity is not expressed by all females
in most species. The frequency of polyandrous females in a
population can directly influence population viability and
diversity via several processes, such as increasing Ne [18],
controlling the spread of selfish genetic elements [29–31]
and sexually transmitted infections [19]. Variability within
and between populations in phenotypic plasticity of behav-
iour is a major topic of current interest, and the variation in
polyandry shown here might represent evidence of how
populations have responded to local environmental condi-
tions, as well as the genetic history of individual popula-
tions [32]. Our review highlights groups that can be
particularly fruitful study species in this respect. For
example, insects are hailed as showing widespread poly-
andry and associated sperm competition because they can
store sperm for extended periods of time [1,3], and with
much empirical evidence for individual benefits of multiple
mating [12]. However, we observed that polyandry also
ranged from 0% to 100% in this taxonomic group. Other
taxa highlight the potential for evolutionary divergence in
polyandry between groups of species that have shared
common ancestry or environments. If we compare the
variability of polyandry in bony fishes (Osteichthyes) with
cartilaginous fishes (Chondrichthyes), for example, we see
that the distributions are different, being wide ranging in
the former and bimodal in the latter (Figure 1). We note
that our analysis does not control for several potentially
confounding factors, including phylogeny, brood size, and
sperm storage; hence, the patterns presented here will
require further testing. Our data set also provides direct
information on key groups that can be further used to
investigate the extremes of polyandry or monandry in a
population, because these represent populations exposed
to circumstances that severely restrict or promote polyan-
drous behaviour. For example, population density can have
a large role in the opportunity for females to remate,
irrespective of any genetic tendencies, so that species or
populations that display consistently high or low levels of
polyandry might be symptomatic of other population-level
processes. We note that the most common frequencies of
multiple paternity in our data set were 0% (i.e., complete
monandry) reported in 11% of all populations in the data
set, and 100% (i.e., complete polyandry), which was
reported in 12% of populations. This suggests that polyan-
dry is more ‘fixed’ or constrained in some taxa, although the
individual reasons for the variability in some, but not other
populations are currently not clear.
Polyandry and ecology
Polyandry is common in nature, but is variable within and
across species. One explanation is local ecology, which is
well known to impact on mating systems through encoun-
ter rate, availability of breeding sites, and longevity [7].
For example, males that supply females with food during
mating (nuptial gifts) might be unable to mate repeatedly
when resources are scarce [33], thus preventing optimal
rates of remating by females. Equally, the level of polyan-
dry can impact on local ecology. For example, if the fre-
quency of a sex ratio-distorting selfish gene is influenced by
the level of polyandry [30,34], this could explain patterns of
competitive ability between populations with different377
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Figure 1. The frequency of polyandry by taxonomic class. To gather our data, we conducted a search on the Web of Science using the terms ‘polyandry* microsatellites’
and ‘multiple paternity* microsatellites’ across all available years. As well as selecting studies based on our focal aims (see below), we also omitted certain taxonomic
groups that are known to have unusual or highly inflexible mating strategies (e.g., hermaphrodites, parasites, or social insects) that are deserving of their own review under
these specific considerations. We focussed purely on the numbers of females within any one naturally occurring population that produced multiply sired litters, clutches, or
broods of offspring within any one breeding cycle (polyandry). We did not include experimental studies, laboratory stocks, multiple clutches by the same females, or
species where external fertilisation can obscure the link between polyandrous behaviour and multiply sired clutches. We also focussed on data from species where a
measure of large-scale geographical variables could be deduced and a measure of the genetic diversity and accuracy of the paternity analysis could be gauged. We report
here on polyandry in nature based on 203 population estimates from 150 studies that represent 160 species across 14 taxonomic groups. We observed a mean frequency of
polyandry across all populations of 49%, standard error = 2.35, n = 203, suggesting that just under half of females in a population on average are polyandrous. Frequency of
the y-axis is to a maximum of eight for each taxonomic group. Note that we did not control for potential confounding variables, such as phylogeny, clutch size, and sperm
storage.
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Although there are potentially vast numbers of two-way
interactions between polyandry and ecology, current un-
derstanding remains limited to theory and case studies of
particular species, and currently lacks broad generality.
This problem could be satisfied by more large-scale anal-
yses of the relation between polyandry and major ecologi-
cal and/or environmental variables. Therefore, we explored
polyandry in relation to four scales of environmental het-
erogeneity: latitude, climatic region, ecozone, and habitat.
We found no relation with climatic region, ecozone, or
habitat, suggesting that any interaction of polyandry with
ecological or environmental factors is acting at a finer scale
than our data can resolve. However, polyandry is more
common in northern latitudes (Figure 2). Assuming this
correlation is not artefactual, detecting it despite the enor-
mous differences in ecology between the organisms in our
data set suggests that the processes that create this corre-
lation must be robust.
What can drive the increasing frequency of polyandry in
the north? A suite of ecological variables tends to co-vary
with latitude, including mean temperature, temperature
range, and seasonality [35]. Biological factors that have
well-established broad-scale relations with latitude in-
clude key life-history variables and processes such as body
size, longevity, species diversity, speciation rate, and378extinction rate [36–39]. Any of these variables might have
a role in driving the differences in polyandry across the
globe. For example, if females have higher longevity in the
north, possibly due to colder temperatures, this might
simply mean that they have more opportunities to remate.
Alternatively, more variable environmental conditions at
high latitudes might create a greater risk of a female
failing to encounter males and suffering sperm limitation,
driving females to mate whenever opportunities present
themselves. These are just two examples of possible rela-
tions that demonstrate the impact of ecology on female
fitness resulting in increased polyandry in the north.
Alternatively, it is possible that the correlation is due to
higher-order effects, such as the increased persistence of
polyandrous species in the north. For example, in the
tropics where there are more species and niches are poten-
tially more constricted, speciation rates might depend on
evolving ecological divergence, so that subspecies that use
the same niche as the parent species are driven extinct by
competition. By contrast, in the north, there are fewer
species, niches are broader, and competition is lower so
that the speciation rate of a clade can be more dependent
on the evolution of reproductive isolation than on ecological
divergence [35,37]. If polyandry drives the evolution of
rapid reproductive isolation, polyandrous clades can then
become more common in the north. Unfortunately, theory
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Figure 2. Polyandry is positively correlated with latitude. This plot shows the raw polyandry data from all taxonomic groups, not controlling for phylogeny. Almost all
taxonomic groups are represented at both northern and southern latitudes, with only ten of 203 data points from groups with restricted distributions. We observed that
polyandry is weakly positively correlated with latitude: Pearson correlation r = 0.147, P = 0.037, n = 203. Polyandry did not have any relation with any other of our
environmental scales: climatic region (Anova: F 5, 169 = 0.85, P = 0.52); ecozone (Anova: F 4, 169 = 0.92, P = 0.45); or habitat (Anova: F 23, 169 = 0.73, P = 0.81). One possibility is
that these data were assembled from availability, rather than purposefully selected to equally represent all categories of habitats, ecozone, or climatic regions, so that the
lack of any large-scale relations is simply due to lack of statistical power. However, even when comparing groups of relatively robust statistical sizes, such as temperate and
tropical climatic regions, there were no differences in the frequency of polyandry.
Opinion Trends in Ecology & Evolution July 2014, Vol. 29, No. 7examining the interplay between polyandry and latitude,
and the ecological factors that correlate with latitude, is
scarce.
Ideally, this relation should be tested by comparison to
within-species latitudinal differences in polyandry, or com-
parisons of closely related species that differ in distribution.
Unfortunately, there have been few studies that examine
this. However, there are some experimental demonstrations
that polyandry varies with temperature [40–43]. One study
on green-veined white butterflies (Pieris napi) found that
northern populations were more monandrous, possibly due
to monandrous females reproducing faster, which is a vital
advantage where there are seasonal constraints on suitable
breeding time [44]. Conversely, studies on two species of
Drosophila showed higher levels of polyandry in northern
populations, the reasons for which are still under investiga-
tion [34,45]. Further research on this topic, such as within
and between species comparisons and broader reviews of
taxonomic groups, will bring key factors influencing the
relation between polyandry and ecology into clearer focus,
as well as contribute more generally to the question of what
factors drive the evolution of polyandry. Many of the eco-
logical factors that correlate with latitude also correlate
with altitude, providing an additional avenue of investiga-
tion into inter- and intraspecific variation in polyandry.
Polyandry and genetic quality
One of the explanations for polyandry is that females gain
genetic benefits via their offspring [9,46]. Central to thecurrent mechanisms proposed is genetic quality [47]. This
includes specific alleles related to fitness-related traits,
compatibility of male and female genotypes, and the sur-
vival and reproductive success of offspring [9,10,46–49]. An
umbrella mechanism for these proposed benefits is selec-
tion for increased offspring heterozygosity, which was
proposed as a general mechanism for mate choice and
polyandry several decades ago but has received limited
empirical testing compared with other suggested causes of
polyandry [50,51]. ‘Polyandry for heterozygosity’ is appeal-
ing because it simultaneously satisfies both the underlying
cause and solution to the issue of maintaining sufficient
genetic variation under selection, without recourse to spe-
cific population processes that might not be widespread
[50,52]. Heterozygosity itself is known to be associated
with, for example, greater developmental stability, disease
resistance, competitiveness, hatchability, and survivor-
ship [14,50,51]. The relation between heterozygosity and
fitness has also been formalised in heterozygosity–fitness
correlations (HFCs), based on the assumption that hetero-
zygosity, measured from multilocus microsatellite analysis
[multilocus heterozygosity (MLH)] is positively or nega-
tively correlated with variation in fitness-related traits
[53]. Therefore, through this association, it might be pos-
sible to use MLH as a ‘catch all’ indication of the genetic
benefits of polyandry in nature.
We observed that the frequency of polyandry was sig-
nificantly associated with higher levels of heterozygosity
(MLH) (Box 2). If we maintain the assumption that HFCs379
Box 2. Polyandry and MLH as indicators of population fitness
Heterozygosity measured at multiple microsatellite loci (MLH) can be
used to estimate the inbreeding coefficient f, either indirectly via a
correlative approach or directly by reconstructing pedigrees of
natural populations [83,84]. MLH-based measures of population
fitness are more practical and accessible than assigning pedigrees
directly from natural populations because they can be measured
from microsatellite analysis of a random sample of individuals in a
population (Box 1). This relation means that MLH can also be used as
an indirect test of whether polyandry can confer genetic benefits via
inbreeding avoidance. This form of genetic benefit has particularly
acute consequences in small populations, or populations restricted
in ways that make them vulnerable to inbreeding (e.g., populations
with high natal philopatry) [51,85]. If polyandry can provide
significant benefits via inbreeding avoidance, we should be able to
detect its signature in nature via a positive relation with MLH. We
observed a significant positive relation between polyandry and MLH
in our data set (Figure I). Although further testing will be required to
determine whether this relation is based specifically on inbreeding
avoidance or other genetic benefits in individual populations, this is
an intriguing global perspective of the effects of polyandry on
population-level fitness.
Polyandry and Ne
A further prediction of the effects of polyandry on population fitness
is that it increases the genetically effective size of a population by
increasing the genetic variation represented in each generation
[17,18]. This is of interest to population geneticists and conservation
biologists, both of whom are primarily concerned with population
viability over time [57]. Surprisingly, this hypothesis has received little
empirical testing [18]. The key link between polyandry and Ne is
heterozygosity (MLH). Our observation that polyandry is positively
associated with heterozygosity provides the preliminary large-scale
evidence that polyandry increases Ne, but requires further direct
testing within populations.
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Figure I. Polyandry and multilocus heterozygosity (MLH) are positively correlated. We recorded the average heterozygosity scored over the multiple loci used in each
microsatellite analysis (MLH). MLH was available in all taxonomic groups except Cephalopoda and Onychophora. We observed that polyandry was positively associated
with MLH (Pearson correlation r = 0.274, P = 0.003, n = 118). This was not due to an experimental artefact of the increasing use of microsatellite markers, because the
relation between the number of microsatellite loci and MLH was negative (Pearson correlation r = 0.314, P = 0.001, n = 118).
Opinion Trends in Ecology & Evolution July 2014, Vol. 29, No. 7can indicate selection on overall genetic quality, then this
could represent the first large-scale corroboration of the
‘Polyandry for heterozygosity’ hypothesis. However, this
result should be treated with caution because correlational
data represent only a ‘signature’ effect and further empiri-
cal work must follow to examine the direction of causality.
Although it is feasible that heterozygosity can indicate
general genetic quality via HFCs, this is reliant on either
linkage disequilibrium or linkage identity relations with
physiological and morphological traits related to fitness,
which might be far from a universal feature across species.
A recent meta-analysis to establish whether this is indeed
the case found that effect sizes for HFCs in fitness and
nonfitness related traits are equivocal, so it remains possi-
ble, but debatable, whether MLH represents a general380measure of genetic quality [53]. However, we note that our
observation has a small to moderate effect size, which con-
curs with previous analyses that point to the generally small
impact of genetic benefits in sexual selection [14,54–56].
Polyandry in the future: new directions and potential
applications
Correlation versus causation
Polyandry has been posited as the cause and solution to
key evolutionary puzzles, such as the maintenance of
genetic diversity, the spread and control of sexually trans-
mitted infections (STIs) and selfish genetic elements, and
the long-term viability of populations. Yet, correlational
data alone cannot support hypotheses about causality.
Specific research gaps highlighted by our review include
Opinion Trends in Ecology & Evolution July 2014, Vol. 29, No. 7the direct relation between polyandry and Ne (Box 2), the
strength of selection on heterozygosity via polyandry, and
the prevalence of ecology-driven interactions, as hinted at
by the latitudinal correlation. Insights such as these not
only advance our theoretical understanding and move
debates forward, but also have potentially practical appli-
cations.
Potential applications
Heterozygosity can provide offspring tolerance against
unpredictable or unstable environments, preserving genet-
ic variability and ensuring the future viability of otherwise
vulnerable populations [17,18,57]. The positive relation
between polyandry and heterozygosity presented here
provides the potential for predicting how matings between
individuals in managed populations can achieve desired
levels of genetic diversity [23,58–60]. Our finding that
polyandry is associated with higher heterozygosity might
also be of concern to those managing invasive populations,
because heterozygosity is known to benefit a range of
traits, such as survivorship, longevity, and competitive-
ness, that could confer advantages to invasive or pest
populations [61,62]. One potential application is in pest
control programmes, such as the sterile insect technique
(SIT). SIT relies on the ability of sterilised males to com-
pete for matings against wild type males and deplete
female reproductive success to zero [63–66]. However, it
has an inherent weakness in polyandrous populations that
are incompletely saturated with sterile males, because any
remaining fertile females in a population represent strong
selection for resistance to sterile males. It might be possi-
ble to utilise the relation between polyandry and hetero-
zygosity to explore the likelihood of success in introducing
SIT as a suitable pest control program and where it is likely
to fail. The relation between polyandry and heterozygosity
could be used to model the rates of evolved resistance in
SIT populations [66,67]. The role of polyandry is also
implicated in specific evolutionary conundrums, such as
the spread and control of selfish genetic elements, and is a
field currently gaining in popularity [29–31]. The insights
into how polyandry interacts with other key measures of
population fitness (Boxes 1 and 2) presented here can add a
valuable perspective on these issues.
Explaining monandry
Finally, in exploring patterns of polyandry, we have also
provided the mirror image large-scale patterns of monan-
dry. On average, less than half of females per population
were polyandrous, leaving most females showing single
paternity. Explaining variation in monandry is not simply
a matter of the flip side of polyandry because the causes
and consequences of single paternity are not necessarily
the opposite of those proposed for polyandry. There are two
possible ways to consider the variation in monandry. One is
that the costs of polyandry restrict its expression in various
ways. For example, there is ample evidence from insects
that the costs of excessive exposure to seminal fluid pro-
teins transferred at mating can be significant and restrict
the number of rematings that reap net benefits for females
[68–70]. The recently expanding field of sexual conflict
focusses directly on the costs of mating and how malesand females evolve to win different battlegrounds involved
in sexual decisions [16,71,72]. Other restrictions can arise
via ecological variables that influence the availability of
further mating opportunities (discussed above) and strong
sperm precedence, all of which restrict the individual ex-
pression of otherwise polyandrous females. To take the
example of strong sperm precedence, a female can mate
several times with multiple males over a short time, setting
up the ideal opportunity for sperm competition and the
benefits of multiple mating. However, due to the extreme
competitive ability of the last male to mate with her, the
benefits of mating with all of the previous males are
obscured, both from the experimenter and selection. Last
male sperm precedence is a common feature of insect mating
systems [1,3]. Key taxonomic groups, such as butterflies,
that store spermatophores from each of the mating events in
their lifetime are ideal organisms to examine the pattern of
multiple mating in natural populations [73]. In addition, the
extensive literature on sperm precedence patterns that
provide values of P2 (a measure of the ratio of paternity
secured by the second of two males to mate with a female)
[3,73,74] provides an ideal resource to confirm whether this
is a widespread explanation for monandry.
Alternatively, one might consider that monandry has its
own benefits that are selected for in preference to polyan-
dry. This distinction might appear subtle, but can be
significant. If patterns of polyandry and monandry are
genetically fixed, then we must assume that monandry
has a genetic basis rather than being the phenotypic result
of suppressed polyandry [75]. This can occur as an acci-
dental consequence of unique systems of genetic architec-
ture, such as chromosome inversions that preserve
sections of genetic variation across generations [76–78].
One adaptive reason for remaining genetically ‘faithful’ is
to conserve genetic diversity within desired parameters.
This might occur, for example, in hybrid zones, or stressful
environments where specific co-adapted gene complexes
are beneficial [60]. One particularly intriguing idea is that
monandry is an ancestral condition and a necessary pre-
cursor to the evolution of social or cooperative societies
[79]. It might well be that, with further research, polyandry
is proven to be the more prevalent mating behaviour,
genetically and phenotypically, and that the volume of
research dedicated to explaining it over the past four
decades is well justified. However, our review of the pat-
terns of polyandry shows that the frequency of monandry is
not trivial, and that the causes and consequences warrant
equivalent attention to that given to polyandry.
Concluding remarks
We began with a simple premise: is polyandry in nature as
common as generally presumed? Although the answer is
superficially yes, in the process of exploring the data we
have uncovered several other patterns and associations
that were previously either underappreciated or not direct-
ly of concern in the wider remit of explaining the evolu-
tionary causes and consequences of polyandry. These
include the extent and variation in monandry (single
paternity), the relation of polyandry with ecology and
latitude, the potential for heterozygosity (MLH) to function
as a general indicator of genetic quality, and the potential381
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fitness via its relation with heterozygosity. Although some
of these relationships are preliminary insights and require
further empirical testing to substantiate, the overall direc-
tion and scale of the relationships uncovered here should
provide a suitable platform for the development of theoret-
ical work as well as pointing researchers in the right
direction to design suitable research agendas to explore
more fully the questions and applications that we have
highlighted.
Acknowledgements
This work was funded by a NERC grant to N.W., T.A.R.P., and G.D.D.
Hurst (NE/I0277/11/1). The authors thank two anonymous reviewers for
their insightful comments.
References
1 Parker, G.A. (1970) Sperm competition and its evolutionary
consequences in the insects. Biol. Rev. 45, 525–567
2 Birkhead, T.R. and Moller, A.P., eds (1998) Sperm Competition and
Sexual Selection, Academic Press
3 Krebs, J.R. and Clutton-Brock, T., eds (2001) Sperm Competition and
its Evolutionary Consequences in the Insects, Princeton University
Press
4 Krebs, J.R. and Clutton-Brock, T., eds (1994) Sexual Selection,
Princeton University Press
5 Simmons, L.W. (2005) The evolution of polyandry: sperm competition,
sperm selection, and offspring viability. Ann. Rev. Ecol. Syst. 36,
125–146
6 Gowaty, P.A. (2012) The evolution of multiple mating: costs and
benefits of polyandry to females and of polygyny to males. Fly 6, 3–11
7 Gowaty, P.A. (2013) Adaptively flexible polyandry. Anim. Behav. 86,
877–884
8 Sutherland, W.J. (1985) Chance can produce a sex difference in
variance in mating success and account for Bateman’s data. Anim.
Behav. 33, 1349–1352
9 Jennions, M.D. and Petrie, M. (2000) Why do females mate multiply? A
review of the genetic benefits. Biol. Rev. Camb. Philos. Soc. 75, 21–64
10 Tregenza, T. and Wedell, N. (2000) Genetic compatibility, mate
choice and patterns of parentage: invited review. Mol. Ecol. 9,
1013–1027
11 Evans, J.P. and Simmons, L.W. (2008) The genetic basis of traits
regulating sperm competition and polyandry: can selection favour
the evolution of good- and sexy-sperm? Genetica 134, 5–19
12 Arnqvist, G. and Nilsson, T. (2000) The evolution of polyandry:
multiple mating and female fitness in insects. Anim. Behav. 60,
145–164
13 Arnqvist, G. and Kirkpatrick, M. (2005) The evolution of infidelity in
socially monogamous passerines: the strength of direct and indirect
selection on extrapair copulation behaviour in females. Am. Nat. 165S,
S26–S37
14 Slatyer, R. et al. (2012) Estimating genetic benefits of polyandry from
experimental studies: a meta-analysis. Biol. Rev. Camb. Philos. Soc.
87, 1–33
15 Arnold, S.J. (1994) Bateman’s principles and the measurement of
sexual selection in plants and animals. Am. Nat. 144S, S126–S149
16 Krebs, J.R. and Clutton-Brock, T., eds (2005) Sexual Conflict,
Princeton University Press
17 Sugg, D.W. and Chesser, R.K. (1994) Effective population size with
multiple paternity. Genetics 137, 1147–1155
18 Karl, S.A. (2008) The effect of multiple paternity on the genetically
effective size of a population. Mol. Ecol. 17, 3973–3977
19 Ashby, B. and Gupta, S. (2013) Sexually transmitted infections in
polygamous mating systems. Philos. Trans. R. Soc. Lond. B: Biol.
Sci. 368, 20120048
20 Faria, C. et al. (2010) Predominance of single paternity in the black
spiny-tailed iguana: conservation genetic concerns for female-biased
hunting. Conserv. Genet. 11, 1645–1652
21 Yue, G.H. (2010) High prevalence of multiple paternity in the invasive
crayfish species, Procambarus clarkia. Int. J. Biol. Sci. 6, 107–11538222 Davy, C.M. et al. (2011) Polyandry and multiple paternities in the
threatened Agassiz’s desert tortoise, Gopherus agassizii. Conserv.
Genet. 12, 1313–1322
23 Holman, L. and Kokko, H. (2013) The consequences of polyandry for
population viability, extinction risk and conservation. Philos. Trans. R.
Soc. Lond. B: Biol. Sci. 368, 201220053
24 Pizzari, T. and Wedell, N. (2013) The polyandry revolution. Philos.
Trans. R. Soc. Lond. B: Biol. Sci. 368, 20120041
25 Jones, A.G. et al. (2010) A practical guide to methods of parentage
analysis. Mol. Ecol. Resour. 10, 6–30
26 Uller, T. et al. (2008) Multiple paternity in reptiles: patterns and
processes. Mol. Ecol. 17, 2566–2580
27 Avise, J.C. et al. (2011) Multiple mating and clutch size in invertebrate
brooders versus pregnant vertebrates. Proc. Natl. Acad. Sci. U.S.A.
108, 11512–11517
28 Coleman, S.W. (2011) Patterns of multiple paternity and maternity in
fishes. Biol. J. Linn. Soc. 103, 735–760
29 Price, T.A.R. et al. (2008) Selfish genetic elements promote polyandry
in a fly. Science 322, 1241–1243
30 Price, T.A.R. et al. (2010) Polyandry prevents extinction. Curr. Biol. 20,
471–475
31 Wedell, N. (2013) The dynamic relationship between polyandry and
selfish genetic elements. Philos. Trans. R. Soc. Lond. B: Biol. Sci. 368,
20120049
32 Dingemanse, N.J. and Wolf, M. (2013) Between-individual differences
in behavioural plasticity within populations: causes and consequences.
Anim. Behav. 85, 1031–1039
33 Engqvist, L. (2011) Male attractiveness is negatively genetically
associated with investment in copulations. Behav. Ecol. 22,
345–349
34 Pinzone, C.A. and Dyer, K.A. (2013) Association of polyandry and sex–
ratio drive prevalence in natural populations of Drosophila neotestacea.
Proc. R. Soc. Lond. B: Biol. Sci. 280, 20131397
35 De Frenne, P. et al. (2013) Latitudinal gradients as natural
laboratories to infer species’ responses to temperature. J. Ecol. 101,
784–795
36 Blanckenhorn, W.U. and Demont, M. (2004) Bergmann and converse
Bergmann latitudinal clines in arthropods: two ends of a continuum?
Integr. Comp. Biol. 44, 413–424
37 Weir, J.T. and Schluter, D. (2007) The latitudinal gradient in recent
speciation and extinction rates of birds and mammals. Science 315,
1574–1576
38 Forster, J. and Hirst, A.G. (2012) The temperature-size rule emerges
from ontogenetic differences between growth and development rates.
Funct. Ecol. 26, 483–492
39 Chahal, J. et al. (2013) Opposite latitudinal clines for first and second
mating (remating) in males of Drosophila melanogaster. Ethology 119,
926–936
40 Kingsolver, J.G. (2009) The well-temperatured biologist. Am. Nat. 174,
755–768
41 Katsuki, M. and Miyatake, T. (2009) Effects of temperature on mating
duration, sperm transfer and remating frequency in Callosobruchus
chinensis. J. Insect. Physiol. 55, 113–116
42 Best, A.R. et al. (2012) Thermal environment during and outside
courtship jointly determine female remating rate in Drosophila
melanogaster. Anim. Behav. 83, 1483–1490
43 Grazer, V.M. and Martin, O.Y. (2012) Elevated temperature changes
female costs and benefits of reproduction. Evol. Ecol. 26, 625–637
44 Valimaki, P. and Kaitala, A. (2006) Does a lack of mating opportunities
explain monandry in the green-veined white butterfly (Pieris napi)?
Oikos 115, 110–116
45 Price, T.A.R. et al. (2014) Does polyandry control population sex ratio
via regulation of a selfish gene? Proc. R. Soc. Lond. B: Biol. Sci. 281,
20133259
46 Neff, B.D. and Pitcher, T.E. (2005) Genetic quality and sexual selection:
an integrated framework for good genes and compatible genes. Mol.
Ecol. 14, 19–38
47 Hunt, J. et al. (2004) What is genetic quality? Trends Ecol. Evol. 19,
329–333
48 Kokko, H. et al. (2002) The sexual selection continuum. Proc. R. Soc.
Lond. B: Biol. Sci. 269, 1331–1340
49 Kokko, H. et al. (2003) The evolution of mate choice and mating biases.
Proc. R. Soc. Lond. B: Biol. Sci. 270, 653–664
Opinion Trends in Ecology & Evolution July 2014, Vol. 29, No. 750 Brown, J.L. (1997) A theory of mate choice based on heterozygosity.
Behav. Ecol. 8, 60–65
51 Ryder, T.B. et al. (2010) Mate choice for genetic quality: a test of the
heterozygosity and compatibility hypotheses in a lek-breeding bird.
Behav. Ecol. 21, 203–210
52 Kokko, H. and Heubel, K. (2008) Condition-dependence, genotype-
by-environment interactions and the lek paradox. Genetica 132,
209–216
53 Chapman, J.R. et al. (2009) A quantitative review of heterozygosity-
fitness correlations in animal populations. Mol. Ecol. 18, 2746–
2765
54 Kirkpatrick, M. and Barton, N.H. (1997) The strength of indirect
selection on female mating preferences. Proc. Natl. Acad. Sci. U.S.A.
94, 1282–1286
55 Moller, A.P. and Alatalo, R.V. (1999) Good-genes effects in sexual
selection. Proc. R. Soc. Lond. B: Biol. Sci. 266, 85–91
56 Jennions, M.D. et al. (2001) Sexually selected traits and adult survival:
a meta-analysis. Q. Rev. Biol. 76, 3–36
57 Lanfear, R. et al. (2013) Population size and the rate of evolution.
Trends Ecol. Evol. 29, 33–41
58 Wedekind, C. (2002) Sexual selection and life-history decisions:
implications for supportive breeding and the management of captive
populations. Conserv. Biol. 16, 1204–1211
59 Liu, D. et al. (2013) Simultaneous polyandry and heteroparity in tiger
(Panthera tigris altaica): implications for conservation of genetic
diversity in captive populations of felids. Chinese Sci. Bull. 58,
2230–2236
60 Maschinski, J. et al. (2013) When is local the best paradigm? Breeding
history influences conservation reintroduction survival and population
trajectories in times of extreme climate events. Biol. Conserv. 159,
277–284
61 Bertin, S. et al. (2010) Sperm storage and use in polyandrous females of
the globally invasive fruitfly, Ceratitis capitata. J. Insect. Physiol. 56,
1542–1551
62 Bonomi, A. et al. (2011) Polyandry is a common event in wild
populations of the Tsetse fly Glossina fuscipes fuscipes and impact
population reduction measures. PLoS Negl. Trop. Dis. 5, e1190
63 Boake, C. et al. (1996) Sexual selection in relation to pest-management
strategies. Ann. Rev. Entomol. 41, 211–229
64 Weldon, C.W. (2005) Mass-rearing and sterilisation alter mating
behaviour of male Queensland fruit fly Bactrocera tryoni (Diptera:
Tephritidae). Aust. J. Entomol. 44, 158–163
65 Radhakrishnan, P. and Taylor, P.W. (2007) Seminal fluids mediate
sexual inhibition and short copula duration in mated female
Queensland fruit flies. J. Insect. Physiol. 53, 741–745
66 Wise de Vadez, M.R. et al. (2011) Genetic elimination of dengue vector
mosquitoes. Proc. Natl. Acad. Sci. U.S.A. 108, 4772–477567 Lee, S.S. et al. (2013) Modelling Aedes aegypti mosquito control via
transgenic and sterile insect techniques: endemics and emerging
outbreaks. J. Theor. Biol. 331, 78–90
68 Chapman, T. et al. (1995) Cost of mating in Drosophila melanogaster
females is mediated by male accessory gland products. Nature 373,
241–244
69 Taylor, M.L. et al. (2008) Multiple mating increases female fitness in
Drosophila simulans. Anim. Behav. 76, 963–970
70 Wigby, S. et al. (2009) Seminal fluid protein allocation and male
reproductive success. Curr. Biol. 19, 751–757
71 Parker, G.A. (2006) Sexual conflict over mating and fertilization: an
overview. Philos. Trans. R. Soc. Lond. B: Biol. Sci. 361, 235–259
72 Hosken, D.J. et al. (2009) Monogamy and the battle of the sexes. Annu.
Rev. Entomol. 54, 361–378
73 Wedell, N. (2005) Sperm competition in butterflies and moths. In Insect
Evolutionary Ecology (Fellowes, M.D.E. et al., eds), pp. 49–81, CABI
Publishing
74 Kelly, C.D. and Jennions, M.D. (2011) Sexual selection and sperm
quality: meta-analyses of strategic ejaculation. Biol. Rev. Camb.
Philos. Soc. 86, 863–884
75 Wedell, N. (2001) Female remating in butterflies: interaction between
female genotype and nonfertile sperm. J. Evol. Biol. 14, 746–754
76 Van Heerwaarden, B. and Hoffmann, A.A. (2007) Global warming: fly
populations are responding rapidly to climate change. Curr. Biol. 17,
R16–R18
77 Meisel, R.P. and Schaeffer, S.W. (2007) Meiotic transmission of
Drosophila pseudoobscura chromosomal arrangements. PLoS ONE
2, e530
78 Kirkpatrick, M. (2010) How and why chromosome inversions evolve.
PLoS Biol. 8, 1–5
79 Boomsma, J.J. (2013) Beyond promiscuity: mate-choice commitments
in social breeding. Philos. Trans. R. Soc. Lond. B: Biol. Sci. 368,
20120050
80 Wright, S. (1938) Size of population and breeding structure in relation
to evolution. Science 87, 430–431
81 Neff, B.D. et al. (2000) Parentage analysis with incomplete sampling of
candidate parents and offspring. Mol. Ecol. 9, 515–528
82 Neff, B.D. et al. (2002) A Bayesian model for assessing the frequency of
multiple mating in nature. J. Hered. 93, 406–414
83 Taylor, S.S. et al. (2010) Inbreeding coefficient and heterozygosity-
fitness correlations in unhatched and hatched song sparrow nestmates.
Mol. Ecol. 19, 4454–4461
84 Reid, J. and Keller, L.F. (2010) Correlated inbreeding among relatives:
occurrence, magnitude, and implications. Evolution 64, 973–985
85 Valimaki, P. et al. (2011) Mating with a kin decreases female remating
interval: a possible examination of inbreeding avoidance. Behav. Ecol.
Sociobiol. 65, 2037–2047383
